The objective of this study was to provide experimental data that could be used to predict frost growth and frost performance of a round plate fin-tube heat exchanger for low temperature heat pumps used in zero emission vehicles under cold weather conditions. In this study, round plate fin-tube heat exchangers were tested with variation of the fin space, air flow rate, relative humidity, and inlet air temperature. Frost height was measured and considered with the boundary layer interruption between fins. Frost height for 8.0 mm of fin space was increased by approximately 91.9% with an increase of relative humidity from 50.0% to 80.0%. The growth rate of frost height at 1.2 m 3 /min was observed to be 13.0% greater than that at 0.8 m 3 /min. Finally, the variation of the blockage ratio with fin space would be an important reference for designing advanced heat exchangers that operate under cold weather conditions.
Introduction
The formation of frost is a general physical phenomenon that occurs under cold weather conditions in air to air and air to refrigerant heat exchangers, such as the evaporator of an air conditioning system, heat exchangers in a refrigeration system, heat pumps, in the storage of cryogenic liquids, and on the Earth's surface in winter. Accordingly, frost formation and growth is an important problem that is often encountered in refrigeration systems, especially in domestic and commercial refrigerators and freezers, heat pumps used in cold weather conditions, and recently mobile heat pumps for vehicles. As humid air passes over the cold fin of the heat exchanger, which is below the freezing point, water condenses onto the cold plate surface. Moisture molecules migrate to frosted surface and the void of frost layer leads to frost growth and densification of frost layer. Frost layer acts as an insulating layer between the fins and the air. In addition, frost blocks the air path, causing an increased pressure drop and a decrease in the air flow rate. Usually frost is removed periodically to improve the efficiency of operation. This normally involves heating the surface to melt frost, a costly operation since energy is required to melt frost and the heat exchanger is out of operation during the process, although several researchers suggested the non-costly defrosting techniques for heat pump systems at a laboratory stage as mentioned in Huang et al. [1] and Byrne et al. [2] .
Hence frost properties have to be exactly predicted in order to build a numerical model of frost growth. Density and thermal conductivity, which affect the mass and heat transfer rate under cold weather conditions, are interrelated and are known to be functions of the air velocity, temperature, surface temperature, and air humidity ratio. Numerous experimental and theoretical investigations on frosting have been performed over a long period of time because the prediction of frost growth with time in the heat exchanger is directly related with frost heat transfer rate, the amount of frost, and the defrosting time. Jones and Parker [3] studied frost formation with varying environmental parameters. They developed a model for prediction of frost growth. The trends predicted by their model were in good agreement with the test data. However, their models did not consider molecular diffusion in frost layer. Brian et al. [4] developed a frost growth model which considered frost layer as a porous substance. Neiderer [5] studied frosting and defrosting effects on heat transfer coils. Kondepudi and O'Neal [6] studied on the effect of frost growth on the performance of louvered finned tube heat exchangers. O'Neal et al. [7] studied on the impact of a hydrophobic coating on frost buildup and the defrost performance of a heat pump heat exchanger. Rite and Crawford [8] studied experimentally the effects of various parameters on the rate of frost formation on the domestic refrigerator-freezer finned tube heat exchanger coil with 5.1 mm of fin space. Hayashi [9] found that the amount of frosting gets larger at the entrance of an air flow, in agreement with the general results of other papers. Schneider [10] simulated frost height by balancing the heat transfer rate between vapor diffusivity on frost surface and thermal conductivity between frost layers of a parallel plate heat exchanger. Sanders [11] studied the influence of frost formation and defrosting on the performance of air coolers. Sommers and Jacobi [12, 13] studied the air-side heat transfer enhancement of a refrigerator evaporator that used the winglet vortex generation technique under both non-frosting and frosting conditions. Xia et al. [14] studied frost, defrost, and refrost and its impact on the air-side thermal-hydraulic performance of louvered-fin, flat-tube heat exchangers. Xie et al. [15] developed multiple correlations on the air-side heat transfer and friction characteristics of fin-tube heat exchangers by parametric study. Shao et al. [16] showed the comparison of heat pump performance using fin and tube and microchannel heat exchangers under frosting conditions. Hong et al. [17] studied frost growth of the louvered fins of a micro channel heat exchanger. Moallem et al. [18] reported experimental measurements on frosting performance of the micro channel heat exchangers for heat pump system. These researches were mostly concerned with general heat exchangers in refrigeration systems and the HVAC system in simple geometries.
However, the majority of papers on frosting in air conditioning systems, heat pumps, and refrigeration systems, which have more complex geometries such as fin-and-tube heat exchangers, are quite limited due to the large number of variables, the difficulty in quantitative analysis of frost, and the thermodynamic properties of humid air. The round plate fin-tube heat exchanger having large fin pitch ranging from 4.0 to 12.0 mm is considered in this study, which is much larger than the fin pitch of heat exchangers used for the residential and commercial heat pump systems (normally, fin pitch ranging from 1.4 to 2.0 mm). This is because frosting problem is very important in adoption of the heat exchanger used in the heat pump system for zero emission vehicles such as electric vehicles, fuel cell electric vehicles, hybrid electric vehicles, etc. So, the round plate fin-tube heat exchangers with large fin pitches might be used for zero emission. The reason is that the use of heat pumps instead of a PTC (positive temperature coefficient) heater for heating in a cabin under cold weather conditions has been studied for the longer driving ranges of the above-mentioned vehicles [19] . In addition, there could be an easy defrosting water disposal option through an outdoor installation of the outdoor heat exchanger for mobile heat pumps because of the round fin configurations. In this respect, new and precise studies on frosting behavior of round plate fin tube heat exchangers under cold weather conditions are necessary. The objective of this study is to investigate frost behavior and frost growth of a heat exchanger with a round plate fin configuration and large fin pitch under cold weather conditions. Finally, these experimental data could be used for designing an effective heat exchanger of a heat pump system to be used in zero emission vehicles.
Experimental Setup

Test Specifications
A schematic of the experimental setup used to measure frost height during frost growth on the tested heat exchangers is shown in Figure 1 . The test equipments were installed in a psychrometric chamber to provide a pre-controlled ambient temperature. The psychrometric chamber was maintained at 5.0 °C using an air-handling unit including a cooling coil, a heating coil, and a humidifier. The air temperature entering the test section was adjusted by using an electric resistance heater installed at the entrance of the flow chamber. The humidity was maintained at a set point by adjusting the power input to an ultrasonic humidifier. For measurement convenience, an ethylene glycol-water mixture was utilized as a refrigerant which passed through aluminum tubes. The temperature of the ethylene glycol-water mixture was constantly controlled properly by a constant temperature bath including a chiller and an electric heater. Air temperatures of test coils at the inlet and outlet were measured by arithmetically averaging the values obtained with twelve thermocouples installed in a uniform grid at each location. Frost layer surface temperature during frost growth was measured using an infrared thermometer with an accuracy of ±0.5 °C. Frost height was measured using a high performance digital cam-coder and a micro-scale measurement device with an accuracy of ±0.001 mm. The thermocouples were calibrated to an accuracy of ±0.1 °C. The absolute humidity was measured using a chilled mirror dew point sensor with an accuracy of ±0.2 °C. The air flow rate was measured using a nozzle in an open wind tunnel to an estimated accuracy of ±2.0%. The pressure drop across the tested heat exchanger was measured using a differential pressure transducer with an accuracy of ±1.0%. The refrigerant flow rate was measured using a Coriolis effect flow meter with an uncertainty of ±0.2% of the reading. Figure 2 shows the schematic diagram of the tested round fin tube heat exchanger. Table 1 shows the test conditions and specifications in this experiment. Test conditions are considering the real operating conditions of a heat exchanger for mobile heat pumps under winter season used in this study. Especially, inlet air temperatures were chosen by reflecting effects of the waste heat from the electric devices of zero emission vehicles under winter season. The round plate fin-tube heat exchangers were tested by varying the air flow rate, relative humidity, fin space, and inlet air temperature. The tested heat exchangers were designed to allow slip space in the front end module (FEM) in the vehicles. The FEM consisted of outdoor heat exchangers (condenser or evaporator), radiators for electric devices and stacks, and a cooling fan used at the front of zero emission passenger vehicles. The diameters of the tube and the round fin were 8.2 mm with the tube thickness of 0.5 mm thickness and 23.0 mm with the fin thickness of 0.15 mm, respectively. Fins were mechanically expanded and coupled with tubes by a fin-tube press machine. Fin spaces were varied from 4.0 mm to 12.0 mm considered as heat exchanger usage in the mobile heat pump for zero emission vehicles. Inlet air temperature, inlet refrigerant temperature, and refrigerant mass flux were kept constant in the experiments. In order to observe frost growth and height, a top-of-the-range cam-coder was used to measure frost height on the round plate fin at a real scale. Frost height was measured by micrometer with an accuracy of 0.001 mm. All test conditions and specifications were selected to reflect the use of the heat exchanger for a mobile heat pump in cold weather conditions. Especially, in this study, the temperature of the ethylene glycol-water mixture was chosen for reflecting the lowest evaporating temperature, which could be operated in the mobile heat pump. 
Frost Height Measurement
Frost height was tested for varying air flow rate, relative humidity, and inlet air temperature. Frost height of the tested heat exchanger was measured at the middle fin in first tube of the round plate fin-tube heat exchanger having 2 rows and 2 columns in series because the deviation of frost height at all fins of first tube can be negligible. Namely, frost height measurement location was situated on a circle of a diameter that was half the diameter of the fin and frost height at the fin was a direct distance from center point of the fin surface to end point of frost (column). The measurement location of frost height is 5.75 mm from the center of the round plate fin as shown in Figure 2 . Frost at each fin in the first tube grew as nearly uniform thickness because air flow through the fins was uniform. In addition, variations of the surface roughness of frost with time were not considered in this study because of the relatively large interval time. Frost growth patterns were observed using a high performance digital cam-coder at the middle fin of the tested heat exchanger. Frost height was measured every 10 minutes until 100 minutes. Effect of a surface coating on the defrosting water disposal of the tested round fin tube heat exchanger was not considered in this study. In addition, temperature of the ethylene glycol-water mixture was constantly controlled during the test. In this study, all measured frost height and growth were observed at the round plate fin. In addition, the frost pattern evolution was observed: it started by a crystal growth period and reached a frost layer growth period without reaching the frost layer full growth period as defined by Lee et al. [20] . Figure 3 shows the definition of the boundary layer of the round plate fins used in this study. The boundary layer thickness was determined by solving the continuity, momentum, and energy equation. Governing equations and boundary conditions can be found in Incropera and Dewitt [21] . The appropriate boundary layer conditions were expressed by Equation (1) . Air boundary conditions are considered as free stream.
Results
Boundary Layer
Figure 3(a) shows the schematic of the boundary layer between the round plate fins. Boundary layer interruption between the fins should be considered because it caused the heat transfer coefficient to significantly decrease. To enhance the heat transfer coefficient of the tested heat exchanger, the boundary layer interruption between the fins should be prevented and the developed boundary layer along the fins between the tubes should be broken as mentioned by Lee [22] . Also, the boundary layer thickness increases with the increase of the plate length, resulting in the decrease of the heat transfer coefficient as mentioned by Kim and Kim [23] . Leading edge of the boundary layer formation in the round plate fin was changed along the contour of the round plate fin as shown in Figure 3(b) . The boundary layer length and thickness was changed with the contour shape of the round plate fin as given in Equation (2) . L x,crit , which is the distance after occurrence of the boundary layer interruption between the fins, in Equation (3) was the position of a fully developed boundary layer, or the distance from the leading edge at which transition begins. L x,c is the occurrence point of the boundary layer interruption between the fins. /min and refrigerant temperature of −15.0 °C. Frost height for the 8.0 mm fin space showed a similar rate of increase during the first step of 10 minutes because boundary layer interruption theoretically did not occur at over 7.0 mm of fin space during the tests. As frost continued to grow over 25.0 minutes, frost growth rate in each fin space differed because of the boundary layer interruption by frost growth. Frost growth rate for the 8.0 mm fin space was lower compared with other fin spaces because the boundary layer interruption occurred at the beginning of frost formation. Theoretically, frost growth rate was affected by the fin space as mentioned by Mon and Gross [24] . However, frost height in the case of the larger fin space of 10.0 mm was less affected by the fin space because the boundary layer interruption was delayed. Figure 4(b) shows the blockage ratio with the variation of the fin space. Frost blockage ratio was defined as Equation (3), suggested by Lee et al [25] . Frost blockage ratio between the fins was defined as the rate of decrease of the air flow path due to the increase in frost height with time. Frost blockage ratio increased with decreasing fin space. Therefore, knowledge of frost blockage ratio would be an important reference for the design of an advanced heat exchanger to operate under cold weather conditions. Frost blockage ratio decreased on average by 26.1% with the rise of the fin space from 6.0 mm to 12.0 mm. Therefore the design of the fin space in a heat exchanger is a key parameter when considering the operation time under frosting conditions. In addition, the blocking of the air flow area at smaller fin pitches was more accelerated with frost growth. Frost growth rate at a relative humidity ranging from 50.0% to 70.0% showed a similar increasing rate with time but frost growth rate at a relative humidity of 80.0% increased steeply for the first 40 minutes then grew uniformly. Frost height at 80.0% relative humidity was 91.9% greater than that at 50.0% relative humidity because humidity ratio at 80.0% relative humidity was 51.0% greater than that at 50.0% relative humidity. /min for a fin space of 10.0 mm, inlet air temperature of 5.0 °C, relative humidity of 70.0% and refrigerant temperature of −15.0 °C. Generally, frost thickness increased slightly with air flow rate (or Reynolds number) because of rises in the heat and mass transfer rates with increased air flow rate on the fin surface. The reason is that both the mass deposition rate of water vapor and the density of frost layer increased with increasing Reynolds number as mentioned by Sahin [26] . The author reported that these two properties, almost offsetting each other, yielded an almost unchanged frost thickness. However, there is not yet fully elucidated as there are a number of conflicting data sets: some authors claim that a higher Reynolds number yields a higher frost layer, and some argue the opposite. Both maybe correct in view of the compensatory effect between both, since one of the properties (frost density or deposition rate of mass of water vapor) may be superior to the other under different conditions. Accordingly, in Figure 6 , frost height increased with increasing air flow rate because of the increase of the heat and mass transfer rates, although the difference of the increasing rate of frost height was not important. Frost grew steeply until 1.5 mm of frost height at all air flow rates, but the increasing rate of frost height decreased because of the boundary layer interruptions between the fins with frost growth. The rate of increase of frost height at 1.2 m /min. Frost height at an inlet air temperature of 11.0 °C was 38.5% greater than that at the inlet air temperature of 5.0 °C. However frost height at inlet air temperature of 11.0 °C was 4.5% greater than that of the inlet air temperature of 8.0 °C. This is because the humidity ratio increased with the increase of the inlet air temperature under same relative humidity but the increasing rate of humidity ratio decreased with the inlet air temperature increases. The increasing rate of the humidity ratio at inlet air temperatures from 5.0 °C to 11.0 °C and from 8.0 °C to 11.0 °C were 125.0% and 50.0%, respectively. Finally, major parameters affected by frost height were the fin space, relative humidity, inlet air temperature, and air flow rate in a row. These trends appeared in the results of Lee et al. [27] . Moreover, the fin space was critically related to the boundary layer interruption with frost growth and air flow rate reduction with time. In order to develop a more precise frost growth model, the boundary layer interruption between fins should be considered to predict frost density with frost growth. 
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Summary and Conclusion
Frost height and frost growth rate on the round plate fin-tube heat exchanger, which could be used as the heat exchanger of a heat pump in a zero emission vehicle, as well as in a refrigeration system or an HVAC system in various industries, were experimentally considered. Frost height was affected by the relative humidity, inlet air temperature, and air flow rate. The fin pitch was critically related to boundary layer interruption with frost growth. The variation of the blockage ratio with fin space would be an important reference for designing advanced heat exchangers that operate under cold weather conditions.
(i) Frost height for 8.0 mm of fin space was constantly increased during the first 10 minutes because the boundary layer interruption theoretically did not occur for a fin space during the tests.
(ii) Frost height increased by approximately 91.9% with an increase of relative humidity from 50.0% to 80.0%. Frost height increased by approximately 13.0% with an increase of the air flow rate from 0. (iii) Frost height at 70.0% relative humidity increased by 38.5% with the increase of the inlet air temperature from 5.0 °C to 11.0 °C. However, frost height at 11.0 °C inlet air temperature increased to 4.5% greater than that of the 8.0 °C inlet air temperature.
